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Introduction {#ehf212080-sec-0005}
============

Heart failure (HF) is manifested by defects in cardiac pump function (ejection, filling, or a combination of both), which in turn will cause clinical signs and symptoms that are often progressive and result in emergent presentation and hospitalization.[1](#ehf212080-bib-0001){ref-type="ref"}

The structural and functional manifestation of HF has been associated with structural changes in the extracellular matrix (ECM) composition.[2](#ehf212080-bib-0002){ref-type="ref"} The cardiac ECM assigns the cellular environment and serves as reservoir for signalling molecules such as growth factors, hormones, and cytokines. Modulation of these components provides correct mechanical, chemical, and electrical signalling between cells.[3](#ehf212080-bib-0003){ref-type="ref"}, [4](#ehf212080-bib-0004){ref-type="ref"} An imbalance of the ECM composition and organization results in cardiac dysfunction, remodelling, and progression of HF.

Organization of the cardiac ECM is a sensitive balance between matrix synthesis and degradation, which requires matrix metalloproteinases (MMPs) as well as tissue inhibitor of MMPs (TIMPs), which are produced and released by a number of myocardial cell types, including myocytes. [5](#ehf212080-bib-0005){ref-type="ref"} The gelatinases, MMP‐2 and MMP‐9, are responsible for collagen turnover, the major part of the cardiac ECM. Increased MMP‐2 expression is associated with cardiac dysfunction under pathophysiologic conditions.[6](#ehf212080-bib-0006){ref-type="ref"} MMP‐9, which is also expressed in cardiomyocytes is up‐regulated in HF.[7](#ehf212080-bib-0007){ref-type="ref"}, [8](#ehf212080-bib-0008){ref-type="ref"} TIMP‐3 is the TIMP that is ECM bound and could thereby exert tissue‐specific effects.[9](#ehf212080-bib-0009){ref-type="ref"} Comparative studies *in vitro* have identified that TIMP4 affects transdifferentiation independent of MMP inhibitory effect.[10](#ehf212080-bib-0010){ref-type="ref"} Vanhoutte and Heymans found that TIMP‐3 expression is reduced and TIMP‐4 is highly expressed in failing hearts.[11](#ehf212080-bib-0011){ref-type="ref"} Mujumdar and Tyagi demonstrated that TIMP‐4 levels increased with hypertrophy and decreased with the onset of HF in experimental animals.[12](#ehf212080-bib-0012){ref-type="ref"}

*In vivo* and *in vitro* studies in other organs have shown that electric stimulation can modulate a number of factors relevant for tissue remodelling.[13](#ehf212080-bib-0013){ref-type="ref"}, [14](#ehf212080-bib-0014){ref-type="ref"}, [15](#ehf212080-bib-0015){ref-type="ref"} Electric stimulation has proven clinical improvement in the treatments of bone fracture, wound healing, and spinal cord injury.[16](#ehf212080-bib-0016){ref-type="ref"} Electrically stimulating cartilage explanted from patient with osteoarthritis resulted in increased collagen deposition and reduced mRNA expression of certain MMPs.[17](#ehf212080-bib-0017){ref-type="ref"} In fibroblast culture, cellular viability, migration, and rate of protein synthesis, including matrix proteins, have been shown to be increased with electrical stimulation.[18](#ehf212080-bib-0018){ref-type="ref"}

Therefore we were wondering whether microcurrent (MC) application would influence the ECM in hypertrophic hearts.

It is the goal of the present study to investigate whether MC can change the expression of MMPs and TIMPs in cardiomyocytes to reverse remodelling in the heart.

MC was applied (a) *in vitro* by using cardiomyocytes, isolated from young and old spontaneously hypertensive rats (SHR) and (b) *in vivo* using young and old SHR rats.

Methods {#ehf212080-sec-0006}
=======

Ethics statement {#ehf212080-sec-0007}
----------------

All experiments were approved by the local Institutional Animal Care and Use Committee (IACUC) of the Medical University of Vienna. Housing, handling, and the experimental procedures were accredited by Austrian authorities according to the Austrian Law of Animal experiments and the DIRECTIVE 2010/63/EU on the protection of animals used for scientific purposes.

Animal groups {#ehf212080-sec-0008}
-------------

Sixteen male spontaneous hypertensive rats (SHR) were divided into four groups: SHR young with MC (SHR MC; *n* = 5; 8.8 ± 2.7 months), SHR young without MC (SHR w/o MC; *n* = 3; 7.0 ± 0.0 months), SHR old with MC (SHR MC; *n* = 5; 14.2 ± 1.3 months), and SHR old without MC (SHR w/o MC; *n* = 3; 14.3 ± 2.0 months). As healthy controls male Wistar Kyoto (WKY) were used in the *in vivo* experiments (young WKY, *n* = 3; 6.6 ± 0.4 months and old WKY; *n* = 3; 14.0 ± 0.0 months). All rats were obtained from Harlan‐Winkelmann (Germany).

*In vivo* microcurrent setting {#ehf212080-sec-0009}
------------------------------

Rats were anaesthetized intraperitoneally with ketamine (100 mg/kg) and xylazine (5 mg/kg). After endotracheal intubation and controlled ventilation with 40% O~2~ and 1% isoflurane electrodes were implanted. Antibiotic therapy was given with enrofloxacine (10 mg/kg, Baytril®, Bayer, Vienna, Austria). Piritramide (4.5 mg/kg, Dipidolor®, Janssen‐Cilag Pharma, Vienna, Austria) was used for analgesia.

In the five young and old SHR rats a platinum patch electrode was fixed on the left ventricular epicardium of the heart with 7.0 monophilic single stitch technique via a left side thoracotomy. The counter electrode was placed subcutaneous on the contra lateral side of the chest. Direct MC (\~1 μA) was applied to the epicardium via the implant patch over a period of 7.7 ± 0.9 h per day. In average MC was applied for 24.3 ± 6.1 days. The two groups without MC were not exposed to MC. The animals were not anaesthetized during the treatment. Each animal was placed during the treatment in a separate cage with a grid‐lid where the electric cable could be conducted to the power supply.

At the end of the study all rats were sacrificed under anaesthetic by 100 mg/kg ketamine and 10 mg xylazine i.p. Rat hearts were removed under sterile conditions and placed in cold Ringer Solution (Mayrhofer Pharmazeutika, Austria). Myocardial samples for histology were stored in 7.5% formalin; heart tissue for molecular analysis was frozen in liquid nitrogen and stored at −80°C immediately after excision.

Primary culture of cardiomyocytes {#ehf212080-sec-0010}
---------------------------------

Cardiac myocytes were isolated from hearts of 7 ‐month ‐old (SHR young) and 14 ‐month ‐old male SHR (old). Briefly, rats were sacrificed under anaesthetic by ketamine i.p., rat hearts were rinsed with Ringer Solution, and the left ventricle was digested mechanically. After a preplating procedure for 60 min to eliminate fibroblasts, the supernatant was transferred to a six‐well culture plate (Corning, USA), and cells were cultivated in Dulbecco\'s modified Eagle\'s medium (DMEM, Invitrogen™, UK) with 10% fetal calf serum (FCS, PAA, Austria), ascorbic acid (5 mg/mL, Sigma, USA), transferrin (10 µg/mL, Sigma), NEAA (Non‐Essential Amino Acids, 10 mM, Sigma), sodium‐selenite (20 µg/mL, Sigma, USA), insulin (10 µg/mL, Sigma), Endothelial Cell Growth Supplement (50 µg/mL, Becton Dickinson, Austria), and penicillin/streptomycin (100 U/mL‐100 µg/mL, Gibco, UK). Medium was replaced once a week.

As control H9c2 cells (CRL‐1446, ATCC, USA) were cultivated in DMEM supplemented with 10% FCS, and penicillin/streptomycin (100 U/mL--100 µg/mL). Cell cultures were maintained at 37°C in a humidified atmosphere containing 5% CO~2~.

Characterization of cardiomyocytes {#ehf212080-sec-0011}
----------------------------------

Morphological adaptations of rat cardiomyocytes *in vitro* were evaluated by immunofluorescence staining. Cells were grown on slides, washed with PBS, and fixed in cooled acetone. Cells were permeabilized with 1% H~2~O~2~, blocked in blocking solution \[2% goat serum or 2% horse serum, 1% bovine serum albumin, 0.1% gelatine, 0.1% Triton X‐100, 0.05% Tween 20, and 1× Tris Buffered Saline (TBS), all reagents from Sigma\] and incubated with the primary antibody at 4°C overnight ([Supporting Information, *Table S1*](#ehf212080-supitem-0001){ref-type="supplementary-material"}). The following day, cells were washed three times in TBS and incubated with the secondary antibody for 1 h at room temperature. Cells were counterstained with DAPI (4′,6‐diamidino‐2‐phenylindole dihydrochloride, 1 µg/mL, Sigma), mounted in fluorescence mounting medium (Dako, Austria), and visualized by fluorescence microscopy. Only cultured cells which were more than 95% positive for cardiac markers were used in the experiments.

*In vitro* microcurrent setting {#ehf212080-sec-0012}
-------------------------------

Cells from SHR young and SHR old were stimulated using a direct MC power generator with two electrodes which were integrated into the top cover of the culture plate. The cells were treated without MC (w/o MC) and with \~1 μA (MC). For proliferation experiments 1 × 10E4 cells were seeded in 24‐well plates in triplicates and counted daily. For immunofluorescence staining 1.5 × 10E4 cells were seeded on cover slips. After MC treatment cells were washed with 1× Phosphate Buffered Saline (PBS), fixed in acetone for 10 min at 4°C and air dried. For qPCR 1 × 10^5^ cells were seeded in 24‐well plates and harvested with a rubber policeman for RNA isolation.

Histology and immunohistochemistry of tissue {#ehf212080-sec-0013}
--------------------------------------------

Sections (5 µm thick) were stained with haematoxylin/eosin and Goldner\'s Masson trichrome stain to determine the percentage of collagen. For immunohistochemistry tissue sections were stained using an avidin--biotin--immunoperoxidase method according to the manufacturer\'s protocol (Vectastain Elite ABC Kit, Vector Laboratories, USA). Briefly, sections were incubated with diaminobenzidine (DAB substrate Kit, Vector Laboratories) to visualize positive immunoreactions, counterstained with haematoxylin covered in mounting medium (Dako). Tissue staining was analysed by using Image J software 1.49n (<http://rsbweb.nih.gov/ij/>) and proteins were calculated in per cent of pixel relative to age matched control.

Double staining of cells {#ehf212080-sec-0014}
------------------------

Double staining for MMPs and TIMPs was carried out by incubation of both primary antibodies overnight (*Table S1*). After washing the cells with 1× TBS corresponding secondary antibodies were incubated for 1 h at room temperature. Cells were counterstained with DAPI and mounted with fluorescence mounting medium (Dako). The cells were analysed by using Nuance™ FX multispectral imaging system 2.8.0 (PerkinElmer, USA).

RNA isolation and qPCR {#ehf212080-sec-0015}
----------------------

Total RNA from cells was isolated using a Gene Elute Mammalian Total RNA Isolation Kit (Sigma). Eight randomly picked RNA samples from cells were pooled, and 1 µg was used for cDNA‐synthesis using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Austria).

RNA from snap frozen tissue was extracted using Trizol (Invitrogen, Austria) according to the manufacturer\'s protocol.

QPCR was performed using Power SYBR Green PCR Master Mix (Applied Biosystems) and 7500 Real Time PCR System, according to the manufacturer procedure using gene specific primer listed in *Table S2*. Relative signal quantifications were carried out by signal normalization of different genes with the glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) signal used as endogenous control by 2^(−ΔCT)^ method. Measurements were performed in triplicates.

Statistical analysis {#ehf212080-sec-0016}
--------------------

All results are expressed as means ± standard deviation (SD). Statistical analysis was performed using GraphPad Prism software (Prism5; GraphPad Software, San Diego, USA). Different groups were compared by using paired *t*‐test or one‐way ANOVA followed by Bonferroni\'s *post hoc* test. Statistical significance was recognized at *P* \< 0.05.

Results {#ehf212080-sec-0017}
=======

Microcurrent induces proliferation in cardiomyocytes *in vitro* {#ehf212080-sec-0018}
---------------------------------------------------------------

Rat cardiomyocytes (young SHR and old SHR) as well as control cells were grown without and with MC for up to 96 h. All cells were adherent within 24 h after seeding and showed no morphological changes during the indicated time period (*Figure S1*).

![Cell number of cardiomyocytes from (A) young spontaneous hypertensive rats and (B) old spontaneous hypertensive rats treated without and with MC determined at the indicated time points. Mean ± standard deviation in triplicates,\**P* \< 0.05; \*\*\**P* \< 0.001. MC, microcurrent.](EHF2-3-122-g001){#ehf212080-fig-0001}

A significant increase in the cell number of cardiomyocytes of young SHR treated with MC at the time points 24 h, 48 h, and 72 h compared with no treatment was observed (\**P* \< 0.05;\*\*\**P* \< 0.001; *Figure* [1](#ehf212080-fig-0001){ref-type="fig"} *A*). In H9c2 similar cell amplification was detected during MC treatment (data not shown). In SHR old cardiomyocytes a slight increase in the cell number but no statistical difference was observed (*Figure* [1](#ehf212080-fig-0001){ref-type="fig"} *B*).

Analysis of matrix metalloproteinase‐2 expression *in vitro* and *in vivo* after microcurrent stimulation {#ehf212080-sec-0019}
---------------------------------------------------------------------------------------------------------

*In vitro*, treatment with MC decreased MMP‐2 mRNA expression in young SHR cardiomyocytes 0.81‐fold, whereas in control cardiomyocytes and old SHR cardiomyocytes MMP‐2 mRNA levels increased (2.99‐fold and 1.30‐fold, respectively; *Table S3*). Immunofluorescence staining revealed that MMP‐2 expression was slightly decreased upon MC treatment in old SHR cardiomyocytes (97.6 ± 10.3%), whereas in control and young SHR cardiomyocytes an increase compared with no treatment was observed (113.0 ± 8.0% and 142.0 ± 11.8%, respectively; *Figure* [2](#ehf212080-fig-0002){ref-type="fig"} *A*).

![*In vitro* immunofluorescence staining of control, spontaneous hypertensive rats young, and spontaneous hypertensive rats old cells without and with MC stimulation. Bar charts are showing the quantification of positive stained cells. (A) MMP‐2; (B) MMP‐9; (C) TIMP‐3 and (D) TIMP‐4. In all cases, data shown are the mean ± standard deviation of three different experiments. \**P* \< 0.05; \*\*\**P* \< 0.001; MC, microcurrent; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase.](EHF2-3-122-g002){#ehf212080-fig-0002}

*In vivo*, we observed that in heart tissue of non‐treated young SHR and old SHR MMP‐2 mRNA levels (0.58‐fold and 0.45‐fold, respectively) as well as protein levels (98.8 ± 3.7% and 92.6 ± 3.5%, respectively) were lower compared with non‐treated age‐matched WKY rats (*Table S4*).

Treatment with MC decreased MMP‐2 mRNA expression in young SHR (0.78‐fold) as well as in old SHR (0.24‐fold) compared with the non‐treated SHR (*Figure* [3](#ehf212080-fig-0003){ref-type="fig"} *A*). Also the MMP‐2 protein level decreased in young SHR (97.1 ± 5.2%), and increased in old SHR (99.4 ± 2.5%, *P* \< 0.001) upon MC treatment (*Figure* [4](#ehf212080-fig-0004){ref-type="fig"} *A*).

![*In vivo* mRNA expression data from young and old spontaneous hypertensive rats without and with microcurrent treatment. Graphs showing transcript changes using qPCR analysis as fold change relative to glyceraldehyde‐3‐phosphate dehydrogenase. (A) Matrix metalloproteinase (MMP)‐2; (B) MMP‐9; (C) tissue inhibitor of metalloproteinase (TIMP)‐3 and (D) TIMP‐4. In all cases, data shown are the mean ± standard deviation of five animals per group, \**P* \< 0.05; \*\*\**P* \< 0.001.](EHF2-3-122-g003){#ehf212080-fig-0003}

![*In vivo* protein expression data from young and old spontaneous hypertensive rats without and with microcurrent treatment. Bar charts are showing the quantification of positive stained cells. (A) Matrix metalloproteinase (MMP)‐2; (B) MMP‐9; (C) tissue inhibitor of metalloproteinase (TIMP)‐3 and (D) TIMP‐4. In all cases, data shown are the mean ± standard deviation of five animals per group, \**P* \< 0.05; \*\*\**P* \< 0.001.](EHF2-3-122-g004){#ehf212080-fig-0004}

Effect of microcurrent on matrix metalloproteinase‐9 expression *in vitro* and *in vivo* {#ehf212080-sec-0020}
----------------------------------------------------------------------------------------

*In vitro*, treatment with MC slightly increased MMP‐9 mRNA expression in control as well as young SHR cardiomyocytes (1.05‐fold and 1.16‐fold, respectively) compared with the non‐treated cardiomyocytes (*Table S3*). Similar results were obtained at the protein level (115.8 ± 10.8% and 168.4 ± 15.3%, respectively; *Figure* [3](#ehf212080-fig-0003){ref-type="fig"} *B*). In old SHR cardiomyocytes we observed a slight increase of MMP‐9 mRNA expression (1.06‐fold) upon MC treatment, but a slight decrease on protein level (96.7 ± 12.9%, *Figure* [2](#ehf212080-fig-0002){ref-type="fig"} *B*).

*In vivo*, we observed that in heart tissue of non‐treated young SHR MMP‐9 mRNA levels were increased (16.50‐fold) whereas non‐treated old SHR showed decreased mRNA expression (0.68‐fold) compared with the appropriate non‐treated age‐matched WKY rats (*Table S4*). Protein levels were slightly lower in young and old SHR (96.4 ± 3.4% and 97.3 ± 4.7%, respectively) when compared with non‐treated age‐matched WKY rats (data not shown).

Treatment with MC decreased MMP‐9 mRNA expression in young SHR (0.17‐fold) but not in old SHR (1.02‐fold) compared with the non‐treated SHR (*Figure* [3](#ehf212080-fig-0003){ref-type="fig"} *B*). Changes on protein level were marginal in young SHR (95.3 ± 7.7%) as well as in old SHR (99.8 ± 6.1%, *Figure* [4](#ehf212080-fig-0004){ref-type="fig"} *B*).

Analysis of tissue inhibitor of metalloproteinase‐3 expression *in vitro* and *in vivo* after microcurrent stimulation {#ehf212080-sec-0021}
----------------------------------------------------------------------------------------------------------------------

*In vitro*, treatment with MC decreased TIMP‐3 mRNA expression in the different cardiomyocytes (control, young SHR, and old SHR; 0.93‐fold, 0.98‐fold, and 0.57‐fold, respectively; *Table S3*). Immunofluorescence staining revealed that TIMP‐3 expression was decreased upon MC treatment in young SHR cardiomyocytes (83.1 ± 1.1%), whereas in control and old SHR cardiomyocytes an increase compared with no treatment was observed (121.6 ± 2.2% and 133.9 ± 9.5%, respectively; *Figure* [2](#ehf212080-fig-0002){ref-type="fig"} *C*).

*In vivo*, we observed that in heart tissue of non‐treated young SHR TIMP‐3 mRNA levels were slightly increased (1.11‐fold) whereas non‐treated old SHR showed decreased mRNA expression (0.55‐fold) compared with the appropriate non‐treated age‐matched WKY rats (*Table S4*). In comparison to age‐matched WKY rats, the protein levels of TIMP‐3 were lower in young SHR (97.0 ± 5.3%), but higher in old SHR (136.5 ± 8.3%, data not shown). In young SHR the treatment with MC lead to an increase of TIMP‐3 mRNA as well as TIMP‐3 protein expression (1.37‐fold and 101.5 ± 6.6%, respectively; *Figures* [3](#ehf212080-fig-0003){ref-type="fig"} *C* and [4](#ehf212080-fig-0004){ref-type="fig"} *C*). In contrast, in old SHR we could observe a decrease in TIMP‐3 mRNA expression (0.73‐fold), but interestingly no change on protein level (136.5 ± 8.3%) upon MC treatment (*Figures* [3](#ehf212080-fig-0003){ref-type="fig"} *C* and [4](#ehf212080-fig-0004){ref-type="fig"} *C*).

Effect of microcurrent on tissue inhibitor of metalloproteinase‐4 expression *in vitro* and *in vivo* {#ehf212080-sec-0022}
-----------------------------------------------------------------------------------------------------

*In vitro*, treatment with MC increased TIMP‐4 mRNA expression in the different cardiomyocytes (control, young SHR, and old SHR; 5.10‐fold, 1.13‐fold, and 2.05‐fold, respectively; *Table S3*). Immunofluorescence staining revealed that TIMP‐4 expression was decreased upon MC treatment in young and old SHR cardiomyocytes (73.5 ± 1.8% and 81.3 ± 9.4%, respectively), whereas in control cardiomyocytes an increase compared with no treatment was observed (119.0 ± 3.9%, Figure [2](#ehf212080-fig-0002){ref-type="fig"}D).

*In vivo*, we observed that in heart tissue of non‐treated young SHR and old SHR TIMP‐4 mRNA levels were lower (0.63‐fold and 0.31‐fold, respectively) whereas the protein levels (100.0 ± 10.9% and 102.0 ± 6.2%, respectively) were similar compared with non‐treated age‐matched WKY rats (*Table S4*). When we treated with MC, we observed increased TIMP‐4 mRNA levels in young SHR (1.44‐fold), but decreased mRNA levels in old SHR (0.69‐fold; *Figure* [3](#ehf212080-fig-0003){ref-type="fig"} *D*). At the protein level we saw an opposite effect: TIMP‐4 protein levels were decreased in young SHR (91.3 ± 7.0%, *P* \< 0.05) and slightly increased in old SHR (103.7 ± 8.5%) upon treatment with MC (*Figure* [4](#ehf212080-fig-0004){ref-type="fig"} *D*).

Discussion {#ehf212080-sec-0023}
==========

Cardiac remodelling is a major determinant in the clinical progress of HF. New approaches to promote reverse remodelling are being evaluated. Although several studies have described the effect of electrical application on tissue repair,[19](#ehf212080-bib-0019){ref-type="ref"}, [20](#ehf212080-bib-0020){ref-type="ref"} no data are available so far on the effects of MC on cardiomyocytes or remodelling of the heart tissue. ECM remodelling in the heart implies changes in the rearrangement of normal existing structures.[21](#ehf212080-bib-0021){ref-type="ref"} Organization of the cardiac ECM is a sensitive balance between matrix synthesis and degradation, which requires MMPs as well as tissue inhibitor of MMPs (TIMPs), which are produced and released by a number of myocardial cell types, including myocytes.

In the present study, we investigated the influence of MC on the modulation of MMPs and TIMPs in cardiomyocytes *in vitro* and in heart tissue of young and old SHR *in vivo*. *In vitro*, on the one hand, modulation with MC did not change the morphology. On the other hand, enhanced proliferation in young and old SHR cardiomyocytes was observed, but only in young SHR with a statistical significance. Mechanical instead of enzymatic cell isolation increases the efficiency to obtain old primary cells in culture that would further proliferate. Furthermore, our *in vitro* results demonstrate that stimulation with MC had different effects on MMP‐2, MMP‐9, and TIMP‐3 mRNA as well as protein expression in cardiomyocytes dependent on the age of the SHR they were derived from. Decreased TIMP‐4 protein levels were observed upon MC treatment in cardiomyocytes from young as well as old SHR. Using different culture media (e.g. with high or low glucose) the expression of MMP2/MMP9 can be modified.[22](#ehf212080-bib-0022){ref-type="ref"} Our data show that MC can modulate expression of MMPs and TIMPs on mRNA and protein level in cardiomyocytes *in vitro.* All these *in vitro* data point into the direction that MC leads to a statistically significant enhanced proliferation in young and to a lesser extent in old cardiomyocytes and an antifibrotic stimulation in young and old SHR cells. Our results conform data published by Brighton *et al.* reporting the beneficial effect of electric stimuli on mRNA and protein synthesis of matrix proteins in osteoarthritic implants.[13](#ehf212080-bib-0013){ref-type="ref"}

Numerous studies have demonstrated increased levels of MMPs, especially MMP‐2 and MMP‐9, at sites of cardiovascular diseases, including hypertension.[23](#ehf212080-bib-0023){ref-type="ref"}, [24](#ehf212080-bib-0024){ref-type="ref"}, [25](#ehf212080-bib-0025){ref-type="ref"} Also it has been commonly observed that in ageing, fibrosis leads to increased passive stiffness in the myocardium and impaired diastolic dysfunction. Therefore, changes in the MMP and TIMP profile and the consequent effects on myocardial ECM are found in ageing.[26](#ehf212080-bib-0026){ref-type="ref"} MMP‐2 is also known to induce MMP‐9 and in consequence contributing to tissue gelatinase activities, which were associated with cardiac disease.[27](#ehf212080-bib-0027){ref-type="ref"} Li *et al.* showed increased MMP‐9 activity in compensatory hypertrophy in SHR rats.[28](#ehf212080-bib-0028){ref-type="ref"}

In our *in vivo* study, we observed that MC treatment decreased MMP‐2 protein expression in young SHR but increased MMP‐2 protein expression in old SHR. In contrast, we found that MMP‐9 expression was decreased in young SHR but increased in old SHR after MC treatment. Our results conform data published by Spinale *et al*. reporting that different MMP‐2 levels are existing in dilated cardiomyopathy, depending on the stimulation of different intracellular signalling pathways and selective activation of MMPs[29](#ehf212080-bib-0029){ref-type="ref"}. Because MMP‐9 acts downstream of MMP‐2 and old SHR act as a model for hypertension in humans, MC treatment may have a positive effect on reverse remodelling. Local proteolytic activity in cardiac ECM is important for decreasing collagen accumulation and prevents fibrosis.

TIMP‐3 has been identified as a key factor in the regulation of remodelling and is associated with HF.[30](#ehf212080-bib-0030){ref-type="ref"} A reduction of TIMP‐3 is accompanied by MMP activity, matrix turn over, and significant changes in the ECM.[31](#ehf212080-bib-0031){ref-type="ref"} TIMP‐4 is predominantly expressed in the cardiovascular system and may have relevance to the myocardial remodelling process.[32](#ehf212080-bib-0032){ref-type="ref"}

In our study, we observed that MC treatment increased TIMP‐3 protein expression in young SHR whereas no change was observed in old SHR. TIMP‐4 expression was decreased in young SHR but increased in old SHR upon MC treatment. Because TIMP‐4 serves as a regulator of MMP‐2 activity, MC treatment might contribute to ECM regeneration and reverse remodelling in old SHR through up‐regulation of TIMP‐4.

All in all, our *in vivo* data point into the direction that the effect of MC is more prominent in young SHR. In old SHR, the group of our interest, a modulation by treatment of MC to prevent remodelling is also observed, but less prominently.

In summary, we could show that MC stimulation can modulate the expression of MMPs and TIMPs in cardiomyocytes *in vitro* and *in vivo* and might be a potential therapeutic tool to induce reverse remodelling processes for heart regeneration.

Limitations {#ehf212080-sec-0024}
-----------

The following limitation has to be indicated:

In the *in vitro* experiments other physiological conditions persist than in the *in vivo* situation. There are no other cell types in connection to each other and therefore protein turnover is different.

Changes on mRNA levels were more prominent compared with the changes in protein levels *in vitro* as well *in vivo*. It might be possible to enhance the modulation of protein levels by applying a more extended MC treatment.

Conclusions {#ehf212080-sec-0025}
===========

In this study, using a novel methodology, we show that application of MC can modulate the expression of MMPs and TIMPs in cardiomyocytes *in vitro* and in heart tissue *in vivo.*

Although further studies are needed, e.g. extended MC treatment *in vivo*, our findings support the notion that this technology could have clinical implication for patients with HF.
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